Transient receptor potential melastatin 8 (TRPM8) and transient receptor potential vanilloid 1 (TRPV1) are ion channels that detect cold and hot sensations, respectively. Their activation depolarizes the peripheral nerve terminals resulting in action potentials that propagate to brain via the spinal cord. These receptors also play a significant role in synaptic transmission between dorsal root ganglion (DRG) and dorsal horn (DH) neurons. Here, we show that TRPM8 is functionally downregulated by activation of protein kinase C (PKC) resulting in inhibition of membrane currents and increases in intracellular Ca 2ϩ compared with upregulation of TRPV1 in cloned and native receptors. Bradykinin significantly downregulates TRPM8 via activation of PKC in DRG neurons. Activation of TRPM8 or TRPV1 at first sensory synapse between DRG and DH neurons leads to a robust increase in frequency of spontaneous/miniature EPSCs. PKC activation blunts TRPM8-and facilitates TRPV1-mediated synaptic transmission. Significantly, downregulation is attributable to PKC-mediated dephosphorylation of TRPM8 that could be reversed by phosphatase inhibitors. These findings suggest that inflammatory thermal hyperalgesia mediated by TRPV1 may be further aggravated by downregulation of TRPM8, because the latter could mediate the much needed cool/soothing sensation.
Introduction
The transient receptor potential (TRP) family of ion channels responds to physical and chemical stimuli (Caterina et al., 1997; Minke and Cook, 2002; Clapham, 2003; Montell, 2005) . Transient receptor potential melastatin 8 (TRPM8) and transient receptor potential vanilloid 1 (TRPV1) are Ca 2ϩ permeant nonspecific cation channels expressed in subpopulations of primary afferent neurons. TRPM8 is activated by cold (Ͻ25°C) and agents like menthol (an active ingredient of peppermint), icilin, and eucalyptol, which induce a cool/soothing sensation (McKemy et al., 2002; Peier et al., 2002; Reid et al., 2002) . Not only does TRPM8 sense temperature at the periphery, but it also mediates synaptic transmission at the first sensory synapse between dorsal root ganglion (DRG) and dorsal horn (DH) neurons in the spinal cord (Baccei et al., 2003; Tsuzuki et al., 2004) . In contrast, TRPV1 is activated by heat (Ͼ42°C), protons, N-arachidonoyldopamine, anandamide, and lipoxygenase products and is involved in the detection of inflammatory thermal pain (Caterina et al., 1997; Tominaga et al., 1998; Hwang et al., 2000; Chuang et al., 2001; Julius and Basbaum, 2001; Huang et al., 2002) . Distribution of TRPM8 and TRPV1 in areas that are not subjected to these temperature ranges suggests a role beyond that as temperature sensors (Manzini, 1992; Zygmunt et al., 1999; Mezey et al., 2000; Birder et al., 2002; Baccei et al., 2003; Tsuzuki et al., 2004) . TRPM8 (previously identified as Trp-p8) is upregulated in prostate cancer and is involved in urinary bladder function, which broadens the horizon of TRPM8 in other pathophysiological conditions (Tsavaler et al., 2001) . In addition to TRPM8, another cold temperature sensor (transient receptor potential ankyrin) has been cloned recently, activation of which is implicated in noxious cold sensation (Story et al., 2003) . Protein kinase C (PKC) is known to modulate activity of several ion channels. Potentiation of TRPV1 by PKC and agonists like bradykinin (BK) has been studied extensively (Lopshire and Nicol, 1998; Cesare et al., 1999a,b; Khasar et al., 1999; Premkumar and Ahern, 2000; Numazaki et al., 2002) . Here, we demonstrate a functional downregulation of TRPM8 by activation of PKC resulting in inhibition of TRPM8-mediated channel activity and synaptic transmission in contrast to TRPV1, which is upregulated. These effects are attributable to PKC-initiated dephosphorylation of TRPM8 by activation of protein phosphatases.
Materials and Methods
Electrophysiology. Defolliculated Xenopus laevis oocytes were injected with 1-5 ng of TRPM8 or TRPV1 wild-type and mutant cRNA (Premkumar and Ahern, 2000) . Animals were cared for according to the standards of the National Institutes of Health. All protocols for animal use were approved by the Animal Care Committee at Southern Illinois University School of Medicine. Double electrode voltage-clamp experiments were performed using a Warner amplifier (OC725C; Warner Instruments, Hamden, CT) with 100% DC gain. All of the experiments were performed at 21-23°C. Oocytes were placed in a Perspex chamber and continuously superfused (5-10 ml/min) with Ca 2ϩ -free Ringer's solution containing the following (in mM): 100 NaCl, 2.5 KCl, 5 HEPES, pH adjusted to 7.35, with NaOH. Ca 2ϩ -free conditions were used to minimize tachyphylaxis and contamination from Ca 2ϩ -activated Cl Ϫ currents. Electrodes were filled with 3 M KCl and had resistance of 5-15 m⍀. I-V relationships were measured using voltage ramps from Ϫ80 to ϩ80 mV. For single-channel recordings, the bath solution contained the following (in mM): 100 K gluconate, 10 NaCl, 5 HEPES, and 1.5 EGTA, pH 7.35. The patch pipettes were made from glass capillaries (Microcaps; Drummond, Broomall, PA) coated with sylgard (Dow Corning, Midland, MI) and filled with a solution that contained the following (in mM): 90 Na gluconate, 10 NaCl, 1.5 EGTA, 1 MgCl 2 , and 10 HEPES, pH 7.35. Currents were recorded using a WPC 100 patch-clamp amplifier (E.S.F. Electronic, Goettingan, Germany). Data were filtered at 10 kHz, digitized (VR-10B; Instrutech, Great Neck, NY), and stored on videotapes. For analysis, data were filtered at 2.5 kHz (Ϫ3 db frequency with an eight-pole low-pass Bessel filter; LPF-8; Warner Instruments) and digitized at 5 kHz.
The current responses to cold temperatures were recorded by directing a continuously flowing cold solution onto the oocytes by activating a solenoid valve at the entry of the oocyte chamber. The temperature of the solution was maintained by immersing the reservoir in ice, and the solution flow tube was kept cold by immersing it in the melting solution from the ice flowing in an outer jacket. Using this technique, we were able to record both the current and the temperature change consistently.
DRG and DH neurons were isolated from embryonic day 18 (E18) rat pups, triturated, and cultured in neurobasal medium supplemented with B-27 (a serum-free supplement) and glutamine (Invitrogen, Grand Island, NY) on poly-D-lysine-coated glass coverslips. Dissociated neurons were obtained from postnatal day 10 (P10) to P21 Sprague Dawley rats. Briefly, harvested DRGs were digested with trypsin (1 mg/ml) and collagenase (1 mg/ml) for 1 h, followed by trituration. The cells were transferred to an enzyme-free neurobasal medium and plated on poly-Dlysine-coated coverslips and used within 18 -36 h. For perforated-patch recordings, the bath solution contained (in mM) 140 Na gluconate, 2.5 KCl, 10 HEPES, 1 MgCl 2 , 1.5 EGTA, pH 7.35, and the pipette solution contained (in mM) 130 Na gluconate, 10 NaCl, 2.5 KCl, 10 HEPES, 1 MgCl 2 , 1.5 EGTA, and amphotericin B (240 g/ml). Currents were recorded using a WPC 100 patch-clamp amplifier (E.S.F. Electronic) or EPC10 (HEKA, Lambrecht, Germany). Data were filtered at 10 kHz, digitized (VR-10B), and stored on videotapes. For analysis, data were filtered at 2.5 kHz (LPF-8) and digitized at 5 kHz.
For synaptic current recordings, DRG (rounded) and DH (pyramidal) neurons were identified by their morphology. DRG neurons do not exhibit synaptic currents, whereas DH neurons show excitatory and inhibitory synaptic currents. The extracellular bath solution contained (in mM) 140 NaCl, 4 KCl, 1 MgCl 2 , 1.8 CaCl 2 , 10 HEPES, 5 D-glucose, pH 7.35, and the pipette solution contained (in mM) 130 K gluconate, 10 NaCl, 1 MgCl 2 , 0.2 EGTA, 10 HEPES, 1 ATP, pH adjusted to 7.35, with KOH. To record fast EPSCs, DH neurons were voltage clamped (EPC10; HEKA) at Ϫ60 mV (close to E Cl ). While recording miniature EPSCs (mEPSCs), the bath solution contained lidocaine (10 mM), bicuculline (20 M), and strychnine (1 M). Application of DNQX (20 M) completely abolished the synaptic currents. The data were filtered at 2.5 kHz and digitized at 5 kHz. Data were analyzed using Mini Analysis Program (Synaptosoft, Decatur, GA). The amplitude and frequency of the events were determined from 30 s data segments to avoid desensitization of responses over time.
Ca 2ϩ imaging. DRG neurons grown on glass coverslips were incubated with 3 M Fluo-4 AM (Invitrogen, Eugene, OR) for 20 min at 37°C and washed with physiological buffer containing the following (in mM): 140 NaCl, 5 HEPES, 2 CaCl 2 , 1 MgCl 2 , 2.5 KCl, 2 Lidocaine, pH 7.35. Fluo-4 was excited at 488 nm, and emitted fluorescence was filtered with a 535 Ϯ 25 nm bandpass filter and read into a computer running Scanalytics software (Scanalytics, Fairfax, VA). Multiple cells were selected (DMIRE2; Leica, Plymouth, MN), and the fluorescence of individual cells was tracked. The ratio of the fluorescence change F/F o was plotted to represent the change in intracellular Ca 2ϩ levels. The chamber was continuously perfused with control solution, and the different solutions were applied by controlling a solenoid valve, which occluded the flow of the control solution and started the flow of test solution.
Immunoprecipitation/Western blotting. Oocytes or human embryonic kidney 293T (HEK293T) cells expressing FLAG-TRPM8 were lysed using cell lysis buffer (20 mM Tris, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, and 1% Triton X-100). Whole-cell lysates were used for immunoprecipitation. In the initial step, after preclearing with normal mouse IgG, cell lysates were incubated with 2 g of primary antibody (FLAG-M2; Sigma, St. Louis, MO) overnight at 4°C, followed by Protein A/G-agarose conjugate suspension for 4 h at 4°C. The pellet was collected by centrifugation and washed four times with cell lysis buffer (stringent wash). The pellet was reconstituted in 2ϫ electrophoresis sample buffer and boiled for 5 min. This sample was then used for SDS-PAGE/Western blotting. Proteins were transferred to nitrocellulose membranes, blocked in Blotto buffer (130 mM NaCl, 2.7 mM KCl, 1.8 mM Na 2 HPO 4 , 1.5 mM KH 2 PO 4 , 0.1% NaN 3 , 0.1% Triton X-100, and 5% low-fat skim milk) for 2 h, and then incubated overnight with the primary antibody (p-serine; Sigma), FLAG-M2 at 4°C. After five washes in blocking solution, blots were incubated in horseradish peroxidase (HRP)-labeled IgG (Amersham Biosciences, Piscataway, NJ) for 1 h at room temperature, washed five times, treated with Western blotting detection reagents (ECL Plus; Amersham Biosciences), and exposed to Kodak (Rochester, NY) XAR film at room temperature. Quantification of the gels was performed using Scion Image Beta 4.0.2 software (Scion, Frederick, MD).
Measurement of nocifensive behavior. The experiments were performed according to the National Institutes of Health guidelines and approved by the animal welfare committee of Southern Illinois University School of Medicine. Nocifensive behavior was examined in mice after intraplantar injection of TRPV1 and TRPM8 agonists capsaicin and menthol, respectively. Nocifensive behavior was characterized by the latency, duration, and number of licking and/or shaking of the injected hindlimb.
All of the chemicals used in this study were obtained from Sigma. The working concentration of capsaicin, menthol, and phorbol-12,13-dibutyrate (PDBu) were prepared fresh before the experiments from an ethanol stock. Bisindolylmaleimide (BIM) and chelerythrine were made in DMSO. The maximum concentration of ethanol and DMSO were Ͻ0.01 and 0.02%, respectively. Data are represented as mean Ϯ SEM. Student's t test was used for statistical comparisons, and the significance was considered at p Ͻ 0.05.
Results

Downregulation of cloned TRPM8 by PKC
Menthol-evoked currents mediated by cloned TRPM8 heterologously expressed in Xenopus oocytes were significantly reduced (30 M menthol, 88.3 Ϯ 3.8; 100 M menthol, 75.2 Ϯ 6%; n ϭ 17) by incubating with PDBu, a PKC activator (1 M; 5 min) (Fig. 1a, j) . Figure 1b shows the time course of PDBu-induced downregulation, which attained maximum at 5 min exposure and reversed over a period of 10 min. Increasing the concentration of PDBu from 0.01 to 1 M showed a graded response maximizing at 1 M (Fig. 1c) . At lower concentrations (0.01-0.1 M) of PDBu, there was a slight increase in the current amplitude, which was not statistically significant. We used another PKC activator, phorbol 12-myristate, 13-acetate (PMA; 1 M; 5 min), which showed a similar effect as PDBu (100 M menthol, 88.3 Ϯ 3.8%; n ϭ 7) ( Fig. 1j ) but took longer for the effect to reverse. Similarly, cold temperature-induced (22-16°C) TRPM8 currents were also reduced by Ͼ80% by PDBu (87 Ϯ 4.6%; n ϭ 4) (Fig. 1d,j) . Not only the amplitude but also the activation temperature of coldinduced current was reduced (from 18.08 Ϯ 0.15 to 17.12 Ϯ 0.21°C; n ϭ 4; p Ͼ 0.05) after PDBu (Fig. 1e ). These responses were specific to TRPM8, because uninjected oocytes or oocytes injected with cRNA other than those of TRPM8 did not respond to menthol or cold. Dose-response curves of menthol-induced currents exhibited a rightward shift and an increase in the EC 50 value from 56 to 156 M, without altering the maximal response, which suggests that the sensitivity of TRPM8 is reduced after PDBu (Fig. 1f ) . A ramp protocol showed that outwardly rectifying TRPM8 current induced by menthol is reduced after PDBu at both positive and negative potentials and reverses close to 0 mV (2.2 mV) ( Fig. 1g) , suggesting that PDBu does not alter only the rectification properties. PKC inhibitors BIM (0.5 M) or chelerythrine (20 M) abolished the reduction of TRPM8-mediated currents by PDBu (30 M menthol, 7.2 Ϯ 5.2%, n ϭ 5 and 12.6 Ϯ 14.6%, n ϭ 3, respectively) confirming PKC-mediated inhibition of TRPM8 (Fig. 1h,j) . Next, we used oocytes injected with both TRPM8 and TRPV1 cRNA. Incubation of oocytes with PDBu resulted in a significant reduction of menthol-induced currents (30 M menthol, 79.4 Ϯ 2.4%; n ϭ 3) ( Fig. 1i ) but a several-fold potentiation of capsaicininduced currents (30 nM capsaicin, 12.1 Ϯ 6.3 fold; n ϭ 4) ( Fig. 1i ,k), which could be blocked by BIM (3.3 Ϯ 1 fold; n ϭ 3). In oocytes expressing TRPV1 alone, currents exhibited a substantial potentiation after PDBu (30 nM capsaicin, 24.3 Ϯ 2.3 fold; n ϭ 3), which could be abolished by a double phosphorylation site mutant (supplemental Fig. 1 , available at www.jneurosci. org as supplemental material). These results indicate that the activation of PKC downregulates TRPM8 but upregulates TRPV1-mediated currents.
We also studied the modulation of TRPM8 at a single-channel level. In cellattached patches, menthol-induced currents showed profound outward rectification, which is attributable to voltage dependence of open probability. The P o at negative potentials tended to be very low to make meaningful conclusions. Hence, we analyzed the P o at positive potentials before and after PDBu application and during washout. The P o decreased significantly after PDBu (1 M; 5 min) (before, 0.13 Ϯ 0.01; after, 0.06 Ϯ 0.02; n ϭ 4), and the responses could be partially reversed over time (Fig. 2) .
Downregulation of native TRPM8 by PKC
We also determined whether this effect is seen in native receptors expressed in cultured embryonic and adult dissociated DRG neurons using Ca 2ϩ fluorescence imaging and patch-clamp techniques. Figure 3a shows changes in intracellular Ca 2ϩ when a group of neurons was exposed to menthol (30 M) and capsaicin (100 nM) before and after PDBu. Of the total number of neurons (765), 8% (61) responded to menthol, and 12% (90) responded to capsaicin and rarely responded to both menthol and capsaicin. Incubation with PDBu (1 M; 5 min) significantly reduced (30 M menthol, 84 Ϯ 3%, n ϭ 10; 100 M menthol, 80 Ϯ 5%, n ϭ 51) and, in some neurons, completely abolished menthol-induced responses (Fig. 3a,b,g ). In contrast, capsaicin-induced responses were potentiated significantly (100 nM capsaicin, 3.39 Ϯ 1, n ϭ 86; 1 M capsaicin, 2 Ϯ 0.47 fold, n ϭ 4) (Fig. 3a,c,h ). Note that the decay phase of TRPV1 response was substantially prolonged after PDBu. We also determined the time course of PDBu action. Menthol-induced response, which was reduced following incubation with PDBu (1 M; 5 min) recovered over time (Fig. 3d) . To further confirm that PKC downregulates TRPM8 and upregulates TRPV1 responses in DRG neurons, we recorded membrane currents. Similar to what was observed in oocytes, menthol (30 M)-induced currents were significantly inhibited (78 Ϯ 10%; n ϭ 9) (Fig.  3e,i) , whereas capsaicin (100 nM)-induced currents were significantly potentiated (4.6 Ϯ 0.6-fold; n ϭ 5) (Fig. 3f,j) . These results confirm that activation of PKC in DRG neurons leads to a reduction in TRPM8-mediated but potentiation of TRPV1-mediated responses.
BK, an endogenous agonist, that activates PKC and is involved in sensitization of TRPV1 was used to study the effect of PKC activation on TRPM8 using Ca 2ϩ fluorescence imaging in dissociated adult DRG neurons. We used concentrations of BK from 1 to 5 M and found that exposure of 5 M for 2 min was ideal; higher concentrations and longer duration of application resulted in desensitization of BK receptors, indicated by reduced TRPV1-and TRPM8-mediated modulation. TRPV1-mediated Ca 2ϩ flux and its potentiation by BK was used as a positive control to confirm that PKC has been activated. Incubation of BK alone slightly increased the Ca 2ϩ flux in some cells, which were not included in the analysis. Application of BK consistently downregulated TRPM8 (44 Ϯ 4%; n ϭ 13) but significantly potentiated TRPV1-mediated Ca 2ϩ flux (4.6 Ϯ 1.4 fold; n ϭ 10) (Fig.  4a,b) . Note that the decay phase of potentiation of TRPV1 is significantly prolonged. BK-mediated decrease in TRPM8 response and increase in TRPV1 responses were almost completely reversed by BIM (500 nM); in fact, there was a slight increase in TRPM8 response (TRPM8, 110 Ϯ 8%, n ϭ 47; TRPV1, 1.6 Ϯ 0.5-fold, n ϭ 17) (Fig. 4b) , validating the role of PKC modulation in a native system by an endogenous agonist.
Modulation of TRPM8-mediated synaptic transmission by PKC TRPM8 and TRPV1 are also distributed in central terminals of the sensory neurons, which synapse with the dorsal horn neurons in the spinal cord (Baccei et al., 2003; Tsuzuki et al., 2004) . We determined whether activation of PKC alters TRPM8-and TRPV1-mediated synaptic transmission at the first sensory synapse. In DRG and DH neuronal cocultures, DH neurons were voltage clamped and spontaneous EPSCs (sEPSCs) and mEPSCs were recorded in the absence or presence of lidocaine (10 mM), respectively. The inhibitory postsynaptic currents were eliminated either by holding the neuron at E Cl or in the presence of bicuculline (20 M) and strychnine (1 M). Synaptic currents were completely abolished by DNQX (20 M) (data not shown). Application of menthol (30 -100 M) (Fig. 5a ) or capsaicin (30 -100 nM) (Fig. 5e ) robustly increased the frequency of mEPSCs. A menthol-induced increase in the frequency of mEPSCs (control, 104 Ϯ 32; menthol, 710 Ϯ 244; n ϭ 8) was profoundly reduced after incubating the neurons with PDBu (1 M; 2 min) after washout of PDBu induced increase in mEPSC frequency (173 Ϯ 47, n ϭ 8), (Fig. 5a,b,d) , and the responses were partially reversed after washout over time. There was no change in the amplitude of mEPSCs (control, 14.7 Ϯ 1.5; menthol, 16.7 Ϯ 2.3; menthol after PDBu, 15.8 Ϯ 2.2 pA) (Fig. 5c) (n ϭ 8) . In contrast, PDBu further enhanced frequency of capsaicin-induced mEPSCs (control, 20 Ϯ 1; capsaicin, 108 Ϯ 5; capsaicin after PDBu, 272 Ϯ 13; n ϭ 6) (Fig. 5e,f,h) , without altering the amplitude (control, 14.3 Ϯ 2.1; capsaicin, 15.3 Ϯ 0.62; capsaicin after PDBu, 16.5 Ϯ 0.48; n ϭ 6 pA) (Fig. 5g) . The reversible nature of PDBu-induced increase in the frequency of mEPSCs (Leenders and Sheng, 2005; Lou et al., 2005) did not interfere with our experiments, because PKCmediated phosphorylation of TRPM8 and TRPV1 lasted longer to modulate agonist-induced changes in synaptic currents than the direct action of PDBu on the release apparatus. Menthol-and capsaicin-induced changes in synaptic transmission were seen only in DRG-DH cocultures but not in DH-only cultures. In DRG-only cultures, there were no synaptic events. Furthermore, only the frequency was altered, not the amplitude, suggesting modulation of transmitter release from the central terminals of the DRG neurons. In summary, menthol-mediated synaptic transmission is profoundly reduced, whereas that resulting from capsaicin is significantly enhanced by activation of PKC. These results indicate that PKC plays a significant role in TRPM8-and TRPV1-mediated neurotransmission at the first sensory synapse.
Mechanism of PKC-mediated downregulation of TRPM8
Phosphorylation of TRPV1 has been studied extensively (Lopshire and Nicol, 1998; Cesare et al., 1999a,b; Khasar et al., 1999; Premkumar and Ahern, 2000; Numazaki et al., 2002) . Mutation of S502A and S800A almost completely abolished PDBumediated potentiation of proton-and capsaicin-induced currents (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). Because PDBu-induced downregulation of TRPM8 was blocked by incubation with PKC inhibitors, we sought to gather evidence for the possible mechanisms by which TRPM8 is modulated by PKC. Furthermore, the downregulation is likely to be attributable to reduced sensitivity of the receptor, as indicated by a rightward shift of the dose-response curve (Fig. 1f ) .
To understand the mechanism of downregulation, we constructed an epitope-tagged (FLAG) TRPM8. FLAG-TRPM8 was expressed in oocytes and HEK293T cells and immunoprecipitated using FLAG antibody. The isolation of TRPM8 was confirmed by the size of the protein (126 kDa), and there was no band in untransfected cells corresponding to this size (data not shown). Oocytes and HEK cells expressing the FLAG-TRPM8 were incubated with different concentrations (1-10 M) of PDBu. Surprisingly, PDBu treatment significantly reduced (48 Ϯ 2.1%; n ϭ 6) phosphorylation of TRPM8 (Fig. 6a-c) , suggesting dephosphorylation of TRPM8. Because downregulation of TRPM8 currents was reversed by PKC inhibitors, we used these agents to determine the phosphorylation state of TRPM8. Both BIM (500 nM) and chelerythrine (20 M) completely reversed PDBu-induced dephosphorylation (BIM, 161 Ϯ 20%, n ϭ 6; chelerythrine, 148 ϮϮ 15%, n ϭ 3). To further investigate the mechanism of dephosphorylation of PKC-induced downregulation of TRPM8, we used a mixture of phosphatase inhibitors (phosphatase inhibitor cocktail 1; 1/100 dilution; Sigma), which completely reversed the effect of PDBu-induced downregulation (154 Ϯ 11%; n ϭ 3) (Fig. 6c,d) . Interestingly, these agents exhibited a clear trend of enhancing the basal phosphorylation of TRPM8, suggesting a tonic dephosphorylation by PKC under basal conditions (Fig. 6a,c,d) .
To test the specificity of the phosphatases, menthol currents were recorded from oocytes expressing TRPM8. Protein phosphatase inhibitor cocktail 1 (1:100 dilution, incubated for Ͼ30 min; Sigma) reversed PMA-induced downregulation (100 M menthol; 91.5 Ϯ 18.6%; n ϭ 7) (Fig. 6d) . Okadaic acid was also found to reverse PDBu-induced downregulation. Lower concentrations (Ͻ2 nM) of okadaic acid, which blocks protein phosphatase 2A (PP2A) had no effect, but higher concentrations of okadaic acid (20 nM) did reverse the downregulation (30 M menthol, 71.6 Ϯ 9, n ϭ 8; 100 M menthol, 66.2 Ϯ 20%, p Ͻ 0.01, 0.05, respectively), indicating that protein phosphatase 1 (PP1) could be responsible for dephosphorylation; however, we cannot rule out the possibility of PP2A involvement. Similarly, in DRG neurons, BK-induced downregulation was completely abolished (showed a tendency for the current to increase) (106 Ϯ 9.5%; n ϭ 10; p Ͻ 0.005) by okadaic acid (20 nM) (Fig. 4a) . Protein phosphatase 2B was not likely to be involved because the specific PP2B blocker, cyclosporine (500 nM), did not reverse the downregulation by PDBu (1 M) (30 M menthol, 21 Ϯ 3; 100 M menthol, 33 Ϯ 8%; n ϭ 5). These findings suggest that activation of protein phosphatase(s) via PKC is responsible for downregulation of TRPM8.
Behavioral studies to determine the role of TRPM8 in nociception
To determine the physiological relevance of the interaction between TRPM8 and TRPV1, nocifensive behavior was examined. The latency, duration, and number of licking and/or shaking were recorded after intraplantar injection of 20 l of capsaicin (2 mM) or capsaicin plus menthol (5 mM). The concentrations were chosen based on their respective EC 50 values and previous studies in the case of capsaicin. The latency for licking or shaking was significantly increased from 6.39 Ϯ 1 s (n ϭ 19) after capsaicin alone to 11.4 Ϯ 0.9 s (n ϭ 23) after capsaicin plus menthol. The total duration of nocifensive behavior was also significantly decreased from 42.4 Ϯ 4.5 to 27.3 Ϯ 2.5 s. We also compared the total number of hindpaw shakes/licks for the duration of nocifensive behavior. The number of hindpaw shakes/licks was significantly decreased from 7.3 Ϯ 1.4 to 3.8 Ϯ 0.08 (Fig. 7) . These findings suggest that activation of TRPM8 counteracts the nocifensive behavior induced by TRPV1 activation. Based on the findings of this study that TRPM8 response is reduced and TRPV1 response is increased by PKC activation, it is possible that the hyperalgesia caused by increased sensitivity of TRPV1 could be further aggravated by downregulation of TRPM8.
Discussion
The novel finding of this study is that PKC activation dramatically downregulates TRPM8 function. We demonstrate for the first time that TRPM8-mediated whole-cell and single-channel currents, transmembrane Ca 2ϩ flux, and an increase in mEPSCs are significantly reduced. Bradykinin, an endogenous proinflammatory agent and an activator of PKC, also significantly downregulated TRPM8 in a PKC-dependent manner. This downregulation could be reversed by specific inhibitors of PKC, further suggesting modulation of TRPM8 by this enzyme. Next, we determined the mechanism of PKC-mediated downregulation of TRPM8. Surprisingly, the downregulation was associated with a marked dephosphorylation of TRPM8, as indicated by a decrease in its levels of phospho-serine phosphorylation. Consistent with this observation, the dose-response curve of menthol shifted to the right after PDBu, indicating reduced sensitivity of the receptor. PKC and phosphatase inhibitors reversed PKC-induced dephosphorylation and channel function. Moreover, PKC and phosphatase inhibitors not only prevented dephosphorylation but also enhanced the basal phosphorylation of TRPM8 as indicated by Western blots (Fig. 6) . This was also seen with current measurements, in which the current amplitude increased over time following application of BIM or phosphatase inhibitors (data not shown). This may suggest that a PKC-dependent phosphatase is involved in the maintenance of basal level of phosphorylation. However, this raises the question as to how the receptor exists in a phosphorylated state to be subsequently dephosphorylated by PKC activation. It is possible that a low level of PKC activation may only increase phosphorylation of TRPM8, as suggested by a slight increase in current amplitude when lower concentrations of PDBu were used (Fig. 1c) .
The downstream mediators of PKCinduced dephosphorylation are unclear at this time. However, this study does suggest that PKC activates a specific phosphatase, PP1, which in turn mediates dephosphorylation of TRPM8. This finding is supported by the observation that phosphatase inhibitors are able to reverse PKC-mediated downregulation of the current and dephosphorylation of the channel protein. Furthermore, in DRG neurons, BK-induced downregulation of TRPM8 was reversed by PKC and phosphatase inhibitors, validating the physiological relevance. The experiments using phosphatase inhibitors suggest that PP1 might be involved. PKC-activating PP1 has been shown to downregulate Na-K-Cl cotransporter in human pigmented ciliary epithelial cells (Layne et al., 2001) . In contrast, TRPV1-mediated membrane currents and increases in intracellular Ca 2ϩ are significantly potentiated by PDBu-and BK-induced activation of PKC, as shown here and in other studies. BK has long been known to signal nociception via PKC activation. Activation of PKC is believed to be a critical underlying mechanism associated with hyperalgesia in inflammatory conditions (Cesare et al., 1999a,b; Khasar et al., 1999; Premkumar and Ahern, 2000; Numazaki et al., 2002; Sugiura et al., 2002; Wang et al., 2004) . We are able to show that BK mimics the actions of PDBu in modulating TRPM8 and TRPV1 functions in DRG neurons.
Activation of TRPM8 and TRPV1 robustly increases synaptic transmission (Baccei et al., 2003; Tsuzuki et al., 2004) . We show in this study that PKC reciprocally modulates synaptic transmission mediated by TRPM8 and TRPV1. The menthol-induced increase in the frequency of mEPSCs was significantly reduced, whereas the capsaicin-induced increase in frequency was significantly augmented. It is important to note that only the frequency, but not the amplitude, was altered, suggesting a presynaptic site of action. TRPM8-and TRPV1-induced modulation of synaptic transmission is seen only in DRG-DH neuronal cocultures and not in DH-only cultures, suggesting involvement of these receptors located on the central terminal of sensory neurons. Phorbol esters have been shown to augment evoked and miniature EPSCs by increasing the apparent Ca 2ϩ sensitivity of vesicle fusion (Lou et al., 2005) . In our experiments, PDBu-induced increase in mEPSCs is readily reversible. However, we are able to record an increase and decrease in TRPV1-and TRPM8-mediated synaptic current, respectively, after washout of PDBu effect. This observation suggests PKC-mediated effect of PDBu (phosphorylation of TRP channels) lasts longer than the direct action of PDBu binding to munc-13 (Leenders and Sheng, 2005) . Modulation of synaptic transmission by neurotransmitters and neuropeptides plays a significant role. In this context, BK acting via BK2 receptors and glutamate activating its metabotropic receptors located on the central terminals of sensory neurons might play a role in modulating synaptic transmission at the first sensory synapse. Although Ͻ8% of DRG neurons responded to menthol and 12% responded capsaicin in Ca 2ϩ imaging and whole-cell voltageclamp experiments, a much greater proportion of voltageclamped DH neurons responded to menthol and capsaicin while recording synaptic currents from DRG-DH cocultures, indicating the extent of DRG neuronal dendritic arborization. This observation raises the possibility that not only TRPM8 and TRPV1 functions could be altered, but the number of their respective synaptic connections between DRG-DH neurons may also be modified in certain conditions like chronic pain. Modulation of TRP channels is much more relevant at this synapse because of the reciprocal nature of regulation of TRPM8 and TRPV1 by PKC we observed in this study.
Sensitization of TRPV1 by inflammatory mediators acting via PKC, protein kinase A, and receptor tyrosine kinase has been shown to underlie hyperalgesia (Malmberg et al., 1997; Lopshire and Nicol, 1998; Cesare et al., 1999a,b; Khasar et al., 1999; Premkumar and Ahern, 2000; Chuang et al., 2001; Bhave et al., 2002; Numazaki et al., 2002; Wang et al., 2004) . Here, we have demonstrated downregulation of TRPM8 by dephosphorylation of the receptor by activation of PKC. In normal conditions, TRPM8, which is almost exclusively expressed in a subset of neurons, may mediate a cool/soothing sensation and could function to counter the painful stimulus via activation of TRPV1. Indeed, we observed that intraplantar injection of menthol along with capsaicin significantly reduced nocifensive behavior compared with injection of capsaicin alone, suggesting an interaction between sensory functions of TRPM8 and TRPV1 (Fig.  7) . In chronic pain conditions, increased levels of inflammatory mediators/trophic factors could induce coexpression of TRPM8 and TRPV1 in the same neuron that may jeopardize the counter-balance mechanism we are proposing. Treatment with NGF has been shown to induce coexpression of TRPM8 and TRPV1 in DRG neurons (Story et al., 2003) . The usefulness of NGF antibody, which is being pursued as a potential treatment for chronic pain conditions, may partly be a result of its ability to thwart coexpression (Owolabi et al., 1999) . Capsaicin-induced nocifensive behavior is reduced by coadministration with menthol. Latency, duration, and number of licks and/or shakes of the injected hindpaw were determined after intraplantar injection of 20 l of capsaicin (2 mM) or capsaicin plus menthol (5 mM). After coadministration of capsaicin plus menthol, the latency for licks and/or shakes was significantly increased from 6.39 Ϯ 1 s (n ϭ 19) to 11.4 Ϯ 0.9 s (n ϭ 23; p Ͻ 0.01). The duration of licks and/or shakes was also significantly decreased from 42.4 Ϯ 4.5 to 27.3 Ϯ 2.5 s ( p Ͻ 0.01). Subsequently, we also counted the number of hindpaw licks and/or shakes with a cutoff time of 2 min. The number of characteristic hindpaw shakes was decreased significantly from 7.3 Ϯ 1.4 to 3.8 Ϯ 0.08 ( p Ͻ 0.05). These findings suggest that there is a functional interaction between TRPM8 and TRPV1. Cap, Capsaicin; Men, menthol. Data are represented as mean Ϯ SEM.
Reciprocal modulation of TRPM8 and TRPV1 by PIP 2 has been described previously (Liu and Qin, 2005) . In heterologous expression systems, TRPM8 is activated, whereas TRPV1 is tonically inhibited by PIP 2 . Hydrolysis of PIP 2 by activating phospholipase C downregulates TRPM8 channel function but robustly upregulates TRPV1 function (Chuang et al., 2001) . We observed in a native system using dissociated DRG neurons that BK-induced downregulation of TRPM8 and upregulation of TRPV1 could almost completely be reversed by a PKC inhibitor.
Our findings indicate that PKC activation not only sensitizes TRPV1 but also downregulates TRPM8 activity. Hence, thermal hyperalgesia caused by PKC-induced sensitization of TRPV1 by inflammatory mediators could paradoxically be further aggravated by downregulation of TRPM8, activation of which provides the much needed cool/soothing sensation. Inhibition of PKCmediated phosphorylation is currently being tried as a therapeutic strategy to relieve hyperalgesia resulting from diverse pathophysiological conditions (Wheeler, 2003) . The effectiveness of PKC inhibitors in certain painful conditions may be attributable to a dual action of preventing sensitization of TRPV1 but at the same time preserving functions of TRPM8. Furthermore, these changes occur at both peripheral nerve terminals as well as the first sensory synapse at the level of the spinal cord. TRPM8 and TRPV1 located at the peripheral and central terminals and their modulation by PKC could thus play a significant role in controlling the gain of painful input to the brain.
